Abstract-We propose an energy-efficient resource allocation framework suitable for multicast service delivery over 3GPP's Long Term Evolution Advanced Single Frequency Network evolved Multimedia Broadcast and Multicast Service networks. A key aspect of the considered system model is that multicast communications are delivered according to the Random Linear Network Coding (RLNC) principle. The proposed optimization framework aims at minimizing the transmission energy associated with the delivery of a set of multicast flows. The goal is achieved by jointly optimizing the transmission power and the RLNC scheme of each flow. Furthermore, we present a heuristic strategy that can efficiently find a good-quality feasible solution of the presented resource allocation model.
source messages in order to reduce the decoding complexity and subsequently the communication delay. For this reason, RLNC-based solutions can be viable alternatives to Raptorbased AL-FEC codes especially in case of delay sensitive PtM service delivery [3] . In particular, this correspondence deals with a set of eMBMS flows which are delivered according to the RLNC principle. Furthermore, each eMBMS flow has to be successfully recovered by the MG (i.e., by all the UEs of the MG) with a certain probability, and in a predefined time interval. 1 In addition to reliable packet-loss resilient PtM service delivery issues, there is another factor of paramount importance for both network providers and environment, namely the energy footprint of service delivery. In fact, modern wireless communication networks are responsible for more than the 0.2% of total carbon emissions [4] . In spite of the huge amount of resource allocation strategies aiming at minimizing the transmission power [5] , little attention has been paid to reduce the energy footprint of broadcast and multicast communications. This letter draws inspiration from [6] which proposes a resource allocation model suitable for jointly optimizing both the transmission power and the RLNC scheme used to deliver just a single PtM service. This correspondence addresses that issue by proposing an efficient optimization model, which aims at minimizing the overall transmission energy associated with the delivery of multiple PtM service flows over an eMBMS network. Unlike [6] , the proposed model achieves this goal by jointly optimizing both the transmission power (of each base station in the SFN) and the RLNC scheme used to deliver each PtM flow at the same time. Finally, we propose an efficient heuristic strategy which can find a good quality feasible solution of the proposed optimization problem, in a finite number of steps.
The rest of the correspondence is organized as follows. Section II describes the considered system model. The proposed optimization model and heuristic strategy are presented in Section III. Section IV inspects the performance of the proposed allocation model. Finally, in Section V, we draw our conclusions.
II. SYSTEM MODEL
In this correspondence, we consider a SFN composed by a set {BS 1 , . . . , BS B } of contiguous base stations. Each base station is connected to the LTE-A core network entities that are in charge of: i) synchronizing and scheduling the eMBMS flow delivery, and ii) allocating the radio resources that all the base stations in the SFN shall apply [2] .
SFN-eMBMS communications, as well as LTE-A unicast transmissions, are organized in radio frames (as reported in Fig. 1 ). A radio frame is a time-frequency structure composed by 10 subframes, each frame has a fixed transmission time duration equal to one Transmission Time Interval (TTI), namely 1 ms. LTE-A service flows are segmented in Transport Blocks 1 These are typical service requirements for layered video service delivery [3] . (TBs) and are mapped onto the radio frame to be delivered. A TB is a frequency-time unit which spans a variable bandwidth value and has a fixed time duration of 1 TTI.
We Let us consider Fig. 1 , we assume that each subframe conveys one (information or coded) TB per eMBMS flow. Let P s be the transmission power of each base station (of the SFN) on a TB associated with the s-th service flow. We assume that the transmission power of each base station (of the SFN) during a time slot cannot be greater than the overall power budgetP , i.e., S s=1 P s ≤P . In addition, let us define the term P . =P /S. The value of P s can be equivalently expressed as 3 P s = m s · P , for m s ∈ R + . Hence, the following relation holds
Due to the fact that PtM communications occur over an SFN, we assume that the impact of the interference (caused by base stations which do not belong to the SFN) is negligible. In addition, let w u,b be the channel gain between the u-th UE (of the MG) and b-th base station (of the SFN). For these reasons, the instantaneous Signal-to-Noise Ratio (SNR) associated with the reception of a TB by UE u can be expressed as
w u,b . In addition, let E be the transmission energy of one TB (associated with the s-th service flow) for P s = P (i.e., for m s = 1). In this correspondence, we assume that both information and coded TBs are L bits long and span the same bandwidth, regardless of the service flow. Hence, the overall transmission energy needed to deliver both the information and coded TBs of all the service flows is
In addition, we assume that the TB transmission occurs over a flat Rayleigh communication channel 4 and adopts the Binary Phase-Shift Keying 5 (BPSK). Furthermore, let γ o,u and γ o,u be the instantaneous and average SNR (associated with the reception of a TB) experienced by the u-th UE for m s = 1. For these reasons, the TB error probability associated with UE u can be expressed as follows 6 :
where the BPSK bit error probability is
Before going into details of the proposed optimization strategy, it can be proved that the probability F u (m s , C s ), as a function of m s and C s , that a UE recovers the s-th service flow can be expressed as follows [6] :
where the probability that K s over i (information and/or coded) TBs are linearly independent can be approximated, for sufficiently large values of the field size (namely, q ≥ 2 4 ), as g(i)
. Furthermore, the s-th service flow is recovered by all the UEs of the MG with a probability which is
III. POWER ALLOCATION AND RLNC OPTIMIZATION FOR
ENERGY EFFICIENT MULTICAST COMMUNICATIONS The proposed resource allocation aims at jointly optimizing P s (i.e., the value of m s ) and C s such that: i) the overall transmission energy of each base station is minimized, and ii) service flows can be recovered within a certain time by any UE of the MG (at least) with a probabilityΦ. As a result, the proposed Minimum Energy (ME) resource allocation model can be expressed as follows:
(ME) min
where the constraint (5) ensures that the MG recovers each flow with a probability which is not smaller thanΦ. From (1), the constraint (6) ensures that the instantaneous transmission power of each base station is not greater thanP . The constraint (7) upper-bounds the maximum transmission time duration of each flow. Unfortunately, the presence of the coupling constraint (6) turns ME into a computationally complex mixed integer nonlinear optimization problem. 7 To this end, this correspondence proposes the Heuristic ME (HME) strategy that can efficiently find a good quality feasible solution of ME in a finite number of steps.
In order to efficiently define the HME strategy, it is worth deriving the upper-and lower-bound of the optimum solution of the proposed ME model. To this end, let us define the Unconstrained Transmission Power (UTP) model. It can be directly obtained by ME in which we relax the constraint (6) (i.e., S s=1 m s is no longer constrained). For these reasons, the UTP model is equivalent to a set of S independent problems, where the s-th one can be expressed as follows:
It was shown that the solution of a problem belonging to the same class of P-s can be efficiently found as follows [6] :
(ii) choose the (m s , C s ) pair (among those which have been computed in the previous step) which minimizes the objective function (8). Hence, the solution of P-s can be efficiently derived in a finite number of steps and belongs to the set L s .
8 Finally, it is straightforward to note that the solution of the UTP problem can be efficiently found in a finite number of step, as well.
In addition, we consider a special case of UTP, hereafter called Fixed Transmission Power (FTP), in which the transmission power P s is fixed to P (i.e., m s = 1 for s ∈ {1, . . . , S}).
The model can be expressed as arg min
Let us prove the following proposition.
for any s ∈ {1, . . . , S}, be the optimum solutions of ME, UTP and FTP models, respectively. The relation
Proof: The solution of the FTP model meets the constraints of ME (i.e., any solution of the FTP model is at least a suboptimal solution of ME). In addition, the ME model represents a special case of the UTP one. Hence, the proof follows from the fact that M ⊆ M * ⊆ S s=1 M s , where M * , M s and M are the feasible sets of ME, P-s and FTP models, respectively.
From Proposition 1, it follows that if the optimum solution of the UTP model meets the constraint (6) then {(m 1 , C 1 ) , . . . , (m S , C S )} is the optimum solution of the ME problem, as well. 
However, if S s=1 m s > S, then the optimum solution of the UTP problem is not feasible from the point of view of the ME model. In that case, solving the proposed ME model is not a trivial task because any optimum value of m s depends on C s (for any service). For this reason, all the optimization variables have to be jointly optimized across services in order to minimize the overall transmission energy of the system. In order to fulfill that goal, we propose the HME strategy, defined by Procedure 1, which can efficiently find a feasible solution of the ME model.
The HME strategy (defined in Procedure 1) bases on the fact that if the number of coded TB transmissions C s increases, then the value of m s (such that
For this reason, the HME strategy iteratively perturbs one component (m s , C s ) at a time of the optimum solution of UTP 9 by setting C s = C s + 1 and m s = L s (C s + 1). Hence, after some iterations, the procedure returns a feasible solution of ME. In particular, let {(m * * 9 During each iteration, the HME strategy perturbs the component which alters as little as possible the optimum value of the UTP problem (namely, C 1 ) , . . . , (m S , C S )}. If so, the procedure returns the the optimum solution of FTP. It is worth noting that, the Procedure 1 returns after a number of iteration of the while-loop (lines 2-18) which is equal to or less than S s=1Ĉ s .
IV. NUMERICAL RESULTS
We consider a scenario where the SFN delivers S = 3 eM-BMS flows to a MG composed by M = 30 UEs. Each UE may experience different propagation conditions. To this end, the value of γ o,u spans the interval [0, 40] dB. Each eMBMS flow is delivered according to the systematic version of RLNC. In particular, we considered a finite field of size q = 2 8 . We consider two different (information/coded) TB sizes, namely L is equal to 36 or 72 bytes. The number of information TBs associated with each flow is K 1 = 20, K 2 = 30 and K 3 = 40. Furthermore, we assume thatĈ s = 20 · K s (for s ∈ {1, . . . , S}). Finally, we setΦ equal to 0.9. The performance evaluation refers to the normalized overall transmission energy associated with the delivery of all the eMBMS flows, defined as
, where E is the transmission energy of one (information or coded) TB with the smallest L (L = 36 B) and m s = 1.
Letγ o be the average SNR associated with the MG (for m s =1) Fig. 2 shows as a function ofγ o . The figure compares both the UTP and FTP models to the proposed ME and HME strategies, for different values of L. We note that the performance gap between the ME and HME models is negligible. 10 This clearly shows the effectiveness of the proposed heuristic strategy. In addition, we note that as the value ofγ o increases: i) the performance of the ME (and HME) model tends to overlap that of the UTP strategy, and ii) the performance of the ME, HME and UTP strategies significantly diverges from that of the FTP one. For instance, forγ o = 30 dB and L = 72 B, the value of associated with the FTP strategy is 8.5 times greater than that of the other strategies. In addition, as reported in Fig. 2 , it is worth noting that for L = 36 B (L = 72 B) the resource allocation solution derived by the UTP model is not feasible from the point of view of ME (namely, the constraint (6) is not met) forγ o ≤ 16 dB(γ o < 17 dB). Furthermore, Fig. 3(a) and 3(b) show the value of m s and C s of the service s 3 (for L = 72 bytes) as a function ofγ o , respectively. We note that, due to the fact that the UTP strategy does not have any constraint on the overall transmission power, the value of m s increases asγ o decreases. Hence, values of C s obtained by the UTP strategy mainly remain constant. On the other hand, the FTP model can only optimize the value of C s , hence it decreases asγ o increases. In addition, figures show that both m 3 and C 3 values associated with the proposed ME and HME strategies are lower-and upper-bounded by the UTP and FTP models, respectively. Finally, we also note that the performance gap between ME and HME is negligible.
V. CONCLUSION
In this correspondence we propose an optimum (ME) and heuristic resource allocation model (HME) aiming at minimizing the overall transmission energy of a set of eMBMS flows delivered according to the systematic version of RLNC. We clearly showed that HME can derive good quality feasible solutions of ME in a finite number of steps.
